Microsegregation and solidification shrinkage were studied on copper-lead base alloys. A series of solidification experiments was performed, using differential thermal analysis (DTA) to evaluate the solidification process. The chemical compositions of the different phases were measured via energy dispersive X-ray spectroscopy (EDS) for the Cu-Sn-Pb and the Cu-Sn-Zn-Pb systems. The results were compared with the calculated data according to Scheil's equation. The volume change during solidification was measured for the Cu-Pb and the Cu-Sn-Pb systems using a dilatometer that was developed to investigate the melting and solidification processes. A shrinkage model was used to explain the volume change during solidification. The theoretical model agreed reasonably well with the experimental results. The deviation appears to depend on the formation of lattice defects during the solidification process and consequently on the condensation of those defects at the end of the solidification process. The formation of lattice defects was supported by quenching experiments, giving a larger fraction of solid than expected from the equilibrium calculation.
Introduction
Cu-Pb, Cu-Sn, and Cu-Sn-Pb systems have been investigated by several authors [1] [2] [3] . The liquidus surfaces of the Cu-Pb and Cu-Sn-Pb equilibrium systems [2, 4] show a miscibility gap between copper-rich and lead-rich melts. This creates a monotectic reaction in which a lead-rich liquid is formed. Investigations show that the monotectic alloy transitions to a solid copper (α-phase) and lead-rich melt without any change in volume [5] . In addition, from specific volume measurements of monotectic phases, it was predicted that a melt with the monotectic composition would solidify without shrinkage in the Cu-Pb system [6] .
In this work, microsegregation and solidification processes were studied in the Cu-5Sn-5Pb and the Cu-5Sn-5Zn-5Pb alloys. The chemical compositions of the different phases were measured with an energy dispersive X-ray spectroscopy (EDS) microprobe. The results were compared with the calculated data according to Scheil's equation. Differential thermal analysis (DTA) was used to evaluate the precipitation of the primary phase and the monotectic temperature. To investigate the volume change during solidification of Cu-Pb and Cu-Sn-Pb alloys, a specific method was developed using a dilatometer ( Netzsch DIL 402 C). A shrinkage model was used to explain the volume changes during solidification.
Experimental Work
Experimental alloys were produced in a high-frequency induction furnace under an argon atmosphere using a graphite crucible and casting into a small cylindrical copper mould. Pure Cu (99.95%), Sn (99.9%), Pb (99.98%), and Zn (99.9%) were used as starting materials to minimize trace element effects. The composition of the alloys was measured using Glow Discharge Optical Emission Spectroscopy, and the result is given in Table 1 . A series of samples was prepared so that the solidification heat exchange could be determined via differential thermal analysis (DTA).
The details of the DTA have been described elsewhere [7] . In brief, the DTA equipment consists of a resistance furnace that heats and cools the sample at a controlled rate.
A sample that was 8 mm in diameter and 14 mm in height was placed in an alumina crucible that was closed with a lid using a ceramic fastener. The temperature was measured 2 Advances in Materials Science and Engineering inside the sample using a type S thermocouple with a shield of alumina. A hallow cylinder of graphite was used as a temperature reference a few millimeters around the sample. The reference temperature was also measured using a type S thermocouple. Argon protective gas was passed through the furnace chamber. The samples were quenched to room temperature by letting the crucible fall into a container filled with water. The obtained cooling curves were used to study nonequilibrium solidification processes. A constant cooling rate, 0.16 Ks −1 , was chosen for all of the samples. Two thermal arrest points appeared in the differential curve. The first thermal arrest corresponds to the liquidus temperature and the second is due to the monotectic reaction.
In order to evaluate the fraction of the different phases formed during solidification, some of the DTA samples were quenched at the beginning of the monotectic reaction. The microstructures of the samples were evaluated and the fraction of phases was determined using an optical microscope (Leica DMRM) equipped with an image analysis software (Q Win V3).
The copper-tin-lead and the copper-tin-zinc-lead alloys were homogenized at approximately 15 K above the monotectic reaction temperature for 24 hours and then quenched in water. In order to avoid oxidation during the heat treatment, the samples were placed in an evacuated quartz tube. The equilibrium composition of the primary phase was measured from the heat-treated samples.
The composition changes along the dendrites and in the quenched monotectic areas were measured using the scanning electron microscope (SEM-JSM840-JEOL) with a LINK (Isis) energy dispersive analysis system (EDS). As a reference pure cobalt was used.
A dilatometer (Netzsch DIL 402 C) was developed to investigate the volume change during solidification. Experiments were done using a cylindrical sample supporter that is made out of graphite. Figure 1 shows a schematic sketch of the sample supporter. The molten salt (calcium chloride) behaves as a lubricant to avoid sticking between the pistons and the sample. Argon protective gas was passed. Table 2 presents the result of the thermal analyses and the volume fraction of the primary phase in the quenched samples. As can be seen, the liquidus temperature decreased in the alloy with zinc content, while the monotectic temperature increased by 10 degrees. Figure 2 shows the experimental results and theoretical calculations concerning the lever rule for the Cu-Pb system and Scheil's equation for the Cu-Sn-Pb system. The experimental results show a higher solid fraction than the calculated solid fraction. Furthermore, a slightly decrease in the fraction of solid present was observed after the monotectic reaction. The quenched samples were inspected to evaluate the relative fraction of pores that were precipitating during solidification.
Results

Microstructure and Microsegregation.
The microstructure of the Cu-5Sn-5Pb alloy solidified at a cooling rate of 0.16 Ks −1 is shown in Figure 3 . The early solidified part of the dendrites is etched darker. The lead phase is separated as isolated black inclusions in the late solidified part of the α-phase. The microstructure of quenched samples consists primarily of α dendrites and a quenched area, as shown in Figure 4 . The quenched area exhibits lead inclusions, a gray matrix phase with an internal bright phase.
A micrograph and the composition profile curves from the EDS examination of the Cu-5Sn-5Pb alloy are shown in Figure 5 . The initially solidified α-phase had the lowest tin concentration (1.6 wt.%), and it increased to 3 wt.% during the final part of the primary solidification. The maximum amount of tin content, 6 wt.%, was observed in the samples that were solidified completely at a cooling rate of 0.16 Ks −1 . The measurements of the composition of lead inclusions showed that tin was not solved in the lead inclusions, which, according to the isothermal ternary phase diagram at 443 K [8] , was expected. The copper content of the lead inclusions varied between 2.5 to 3.5 wt.%. The copper content of the lead inclusions in the quenched samples was lower than when the samples were solidified completely at a cooling rate of 0.16 Ks −1 . The microstructure evaluation of the Cu-5Sn-5Zn-5Pb alloy, shown in Figure 6 , demonstrates the same morphology as that of the Cu-5Sn-5Pb alloy. The microprobe analysis showed that tin segregated into the liquid, but the concentration of zinc in the α-phase is higher than the liquid. Table 3 gives the result of the EDS measurements on the homogenized samples. It can be seen that when zinc was added to the Cu-Sn-Pb system, the tin content in the primary phase decreased. In addition, the experimental results show that the so-called the partition coefficient of zinc is larger than one.
Calculation of the Microsegregation
Cu-Pb
System. According to the Cu-Pb phase diagram [9] , the alloys with a lead content of less than 37.4 wt.% start to solidify as pure copper. A monotectic reaction starts at 1228 K, during which a lead-rich liquid with a Cu-content of 86 wt.% is formed. The solidification can be described using the lever rule
where f S is the solid fraction. C L
Pb is the liquid composition and C oL
Pb is the initial composition of liquid. K Pb represents the partition coefficient of lead, which is equal to zero. Figure 2 shows the calculated and experimental values of the solid fraction in the Cu-5Pb alloy.
Cu-Sn-Pb
System. In the Cu-Sn-Pb system, the volume fraction of the primary α-phase and the lead content of the monotectic melt can be calculated according to Fredriksson [10] . During the primary precipitation of the α-phase, the concentrations of the alloying elements C L Sn and C L Pb in the melt are described by the following equations:
where the initial concentrations of tin and lead are C [9] . Table 4 presents the liquid composition of the Cu-5Sn-5Pb alloy, which were calculated using the experimental solid fraction. The calculated liquid composition at 1173 K is in good agreement with the EDS measurements on the homogenized sample (Table 3 ). The line (PQ), Figure 7 [4], shows the composition of the α-phase during the solidification of the Cu-5Sn-5Pb alloy according to the calculated values. Figure 6: (a) Composition profile through a dendrite cross section in Cu-5Sn-5Zn-5Pb alloy that was quenched after the primary solidification. (b) Micrograph of a dendrite cross section in Cu-5Sn-5Zn-5Pb alloy that was quenched after the primary solidification. (2), (3) and (3):
The initial concentrations of the alloys C The composition of the liquid was calculated using the solid fraction of the Cu-5Sn-5Zn-5Pb alloy at the monotectic temperature:
These results indicate that the approximation that is applied to the Cu-Sn-Pb system cannot be valid for the CuSn-Zn-Pb system. In fact, the calculation is based on the microsegregation behaviour of binary system in which the partition coefficient of zinc is less than one [9] , but the microsegregation of zinc changed to the contrary in the CuSn-Zn-Pb system.
Volume Changes and Shrinkage.
The volume change during solidification and melting was evaluated between the liquidus and the monotectic temperatures of the CuPb alloy. The results are given in Table 5 . In each run, the volume change during melting of the Cu-Pb alloy was larger than the volume change during solidification of the CuPb alloy. In addition, increasing the lead content decreased the volume change during the solidification and melting processes. The monotectic reaction took place without any measurable volume change in the Cu-5Pb alloy, as shown in Figure 8 . Moreover, the contraction of the alloy was linear below the monotectic reaction, as is the case for a solid phase. The expansion coefficient measurement showed that increasing the cooling rate decreased the liquid expansion coefficient, whereas the expansion coefficient of the sample below the monotectic temperature increased.
The experimental and calculated solidification shrinkage of the Cu-5Sn-5Pb alloy is shown in Figure 9 . The experimental curve demonstrates an expansion below 1203 K. However, the major part of the expansion occurred as the same time as the monotectic reaction, during which a leadrich liquid is formed. Table 6 presents the volume change of the Cu-5Sn-5Pb alloy during melting and solidification at heating and cooling rates of 0.016 Ks −1 . 
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Shrinkage Calculation.
The solidification shrinkage can be described as the sum of four parts. The first part is the shrinkage due to change from the liquid to the solid state, which is determined by the β value. The second and third parts are, respectively, the volume change in the solid and the liquid phases during cooling within the temperature interval. The last part is the volume change due to the change in the liquid composition. The differential (5) and (6) express the temperature derivative of the total volume:
where V represents the volume and α S and α L are the thermal expansion coefficients of solid and liquid, respectively. The solid and liquid fractions are f S and f L , respectively. The volumetric expansion coefficient is represented by β. C 0 is the initial composition and C L is the liquidus composition, which can be extracted from the Cu-Pb phase diagram [9] . T 0 is the liquidus temperature, and β Comp is defined as a volumetric expansion coefficient that is due to the composition change. β Comp is calculated using (7):
The literature data [6] give an analytical relation between the specific volume of the melt and its lead content, which is presented in Table 7 and used to calculate β Comp Cu−Pb . The result is given by (8) :
The β value is defined using (9):
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According to (8) , (10), (11), literature data [11] , and the Cu-Pb phase diagram [9] , the β value can be calculated as a function of temperature, as given by (12):
The total volume change from liquidus to the monotectic temperature can be calculated by integrating of (6). The total volume change of the Cu-5Pb alloy is plotted in Figure 8 as a function of the temperature by using data from other studies (as presented in Table 7 for Cu-Pb, CuSn-Pb, and Cu-Sn-Zn-Pb systems). The lever rule was used to calculate f S and f L . As can be seen, the model predicts a shrinkage behavior that is similar to that demonstrated by the experimental results. The difference between the experimental and calculated values is partly due to the pore formation (e.g., 0.35 vol.% at 1295 K) and the difference in the actual and experimental liquidus temperature. At the monotectic temperature, the following reaction takes place:
The following relation gives the volume change of the monotectic reaction:
where f
Mono L is the fraction of liquid that is contributed in the monotectic reaction. f Equation (15) is derived in order to evaluate the total thermal expansion coefficient of the Cu-5Pb alloy below the monotectic temperature:
The thermal expansion coefficient of the monotectic phases, α Mono , is expressed by (16): Table 7 Cu 
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The last term of (16) is the volume change of the liquid after the monotectic reaction, which is calculated from literature data [6] . The total thermal expansion coefficient of the Cu5Pb alloy α
Cu5Pb
Total is 15.9 × 10
Total value is lower than the experimental values in Table 5 , which are evaluated from nonequilibrium solidification processes, and the difference becomes larger when the cooling rate increases.
The shrinkage model is applied to the ternary and quaternary alloys. Scheil's equation was used to calculate the solid fraction and the composition of the liquid. The compositional volume changes were evaluated from literature data [6] . It appears that when tin and zinc are added to a copperlead alloy, the specific volume varies with composition in parallel with the copper-lead alloy. Thus, β
Comp of the alloys can be calculated from β
Comp
Cu−Pb by adding the effect of tin and zinc content on the specific volume of the Cu-Pb alloy. Therefore, in this case, the volume change of the liquid due to a change of the tin and zinc content has to be considered. Thus (6) can now be written as
where
(20) Figure 9 shows the experimental and theoretical results for the volume change of the Cu-5Pb-5Sn alloy as a function of temperature. Equation (9) calculates the β value of the Cu5Pb-5Sn alloy when V L is defined by (21):
The model can predict the shrinkage at the beginning of the solidification process. Figure 10 shows modeling results for the volume change of Cu-5Sn-5Zn-5Pb alloy as a function of temperature. In order to calculate the β value of the Cu-5Pb-5Sn-5Zn alloy, a term taking into account the zinc β 
Discussion
An evaluation of the microstructure of the Cu-5Pb alloy shows that the fraction of solid is larger than the value calculated using the lever rule. This means that the solidification process occurred faster than the equilibrium prediction. The same behavior is observed in the Cu-5Sn-5Pb alloy, in which the experimental values were compared with the calculated values using Scheil's equation. The theoretical calculation of shrinkage presented in Figures 8 and 9 , together with the measured values, shows that the measured shrinkage during solidification is smaller than the calculated one. As is mentioned above, the solid fraction measured by the quench experiment presented in Figure 2 shows that the volume fraction of the solid during the solidification process is larger than the obtained via equilibrium calculation. This deviation should increase the shrinkage because the solid has a larger density than the liquid. The explanation can be that the solid phase gets a larger volume than the equilibrium one during the solidification process due to the formation of lattice defects. This is also supported by the observation that the thermal contraction is larger than the equilibrium one at temperatures below the monotectic temperature. At these temperatures, it can be expected that the lattice defects condense and give a larger shrinkage. The condensation will contribute partly to shrinkage and partly to the formation of small pores.
A microprobe analysis of the Cu-5Sn-5Pb alloy shows that the tin segregates during solidification. The segregation behavior is the same as in the Cu-Sn system, but the partition coefficient value for the ternary alloy is less than the binary alloy, which means that the tin content in the primary solid is lower than the theoretical prediction obtained using the binary phase diagram. The segregation of tin increases when zinc is added to the ternary alloy. On the other hand, zinc has a different segregation profile during which the solid phase has a higher zinc content instead of the liquid in comparison with the Cu-Zn system. Thus, the partition coefficient of zinc is more than one in the Cu-5Sn-5Zn-5Pb alloy. Theoretical calculations show that (2) and (3) can be used to evaluate segregation of the alloying elements in the Cu-Sn-Pb system.
The experimental and the theoretical analyses show that the shrinkage decreases with an increasing lead and tin content. Equation (9) is used to define β for the alloys. This can help us find alloys with no shrinkage. In the copper-lead system, we must define a β Total that included the premonotectic shrinkage, the volume change during the monotectic reaction, and the volume change due to the solidification of the remaining liquid after the monotectic reaction. Therefore, β Total value can be written as
L/ pre
Mono is the amount of liquid at the start of monotectic. f Mono is the amount of monotectic liquid. f
L/ pro
Mono is the amount of promonotectic liquid. β pre−Mono is given by (12) . β Mono is found by dividing relation (14) by the specific volume of the monotectic liquid. β pro−Mono is given by (10) and (11) when they are applied to a liquid with a Cu-rich composition as a starting point.
In the Cu-Pb system, if an alloy with monotectic composition solidifies with no primary phase, then the first part of (22) disappears. The second part is also zero, as was already mentioned. Therefore, the remaining part is a volume change due to the precipitation of a Cu-rich solid from a Pb-rich liquid. According to the literature data [6, 11] , the specific volume of the solid below the monotectic temperature (V Therefore, the solidification process will continue to precipitate a solid with a higher volume than the liquid, which means that the volume change is an expansion due to a change from a higher-density liquid to a lower-density solid state.
The volume change of the Cu-5Sn-5Pb alloy appeared as an expansion when the temperature decreased to the monotectic temperature. It seems that, below the monotectic temperature, the volume change is positive due to the precipitation of a lower-density solid from a higher-density liquid. The expansion can compensate primary solidification shrinkage in the alloy (which is assumed a reason for the pressure tightness of the alloy [5] ).
Conclusion
A differential thermal analysis shows that the liquidus temperature decreases when zinc is added to a Cu-Sn-Pb alloy, but the monotectic temperature increases. Furthermore, the fraction of solid during solidification is larger than the equilibrium one in the Cu-5Pb and the Cu-5Sn-5Pb alloys.
Microsegregation measurements in the quenched samples show that the partition coefficient of Sn in the ternary alloy is less than the equilibrium value, which is calculated from the Cu-Sn binary system. The partition coefficient of Sn decreases even more when Zn is added to the alloy. Zinc segregates negatively in the Cu-5Sn-5Zn-5Pb alloy. The partition coefficient of zinc is equal to 1.89.
Thermal contraction measurements show that the solidification shrinkage decreases when the lead content increases in the Cu-Pb alloys. In addition, the solidification shrinkage decreases when the cooling rate is increased. On the other hand, below the monotectic temperature, the thermal contraction of the alloy increases with the cooling rate.
The theoretical analysis of shrinkage shows that the measured shrinkage during solidification is smaller than the calculated one. The volume change measurements suggest that the difference between the calculated and the measured values is a result of nonequilibrium solidification.
